The molecular and crystal structure of the dicopper(I) complex (dm p)2(M-o-CH3C6H4S)2Cu2 (1), dmp = 2,9-dim ethyl-l,10-phenanthroline, has been deter mined. With Cu/S/Cu and S/Cu/S bond angles between 80 and 100°, the planar structure of the central CuSCuS four-membered ring is much more symmetric for 1 as compared to the analogous complex 2 of unsubstituted 1,10-phenanthroline which has a folded Cu2S2 core with bond angles between 67 and 108°. This result illustrates a considerable structural flexi bility of the LCu(m-SR)2CuL entity which is being discussed as a possible model for CuA centers of cytochrome c oxidase or nitrous oxide reductase. Oxidation of both com plexes 1 and 2 remains irreversible even at cyclovoltammetric scan rates o f 1 V/s. However, the methyl substitution in complex 1 causes increased reversibility of the electronically coupled dmpbased reduction processes. Accordingly, the EPR spectrum of l -* is characterized by hyperfine splitting from dmp--and a relatively small 63 " Cu coupling of 0.53 mT. The stabilization of 2,9-disubstituted 1,10-phenanthroline radical anions by coordination to Cu(I) is also dem onstrated by detection of a single broad EPR line at g 2.0028 for the formal "C u(0)" complex Cu(dpp)2 = CuI(dpp_-)(dpp), dpp = 2,9-diphenyl-l,10-phenanthroline. While the EPR signal of Cu(dpp)2 loses intensity on cooling, possibly due to dimerization and spin-pairing, the distorted tetrahedral configuration with essential orthogonal arrangement of dpp jz systems seem s to disfavour an intramolecular electron hopping. [2, 5] are distinguished by the apparent coupling of one unpaired electron with two virtually equiv alent 63'65Cu nuclei (I = 3/2) in natural isotopic abundance [6 ] , suggesting a close vicinity and strong electronic interaction of the two metal ions. Since the CuA center has been proposed to have a bis(thiolate) coordination [7] , there is a need to prepare corresponding model complexes such as
Thiolate-, i.e. cysteinate-bridged dicopper cen ters have recently been suggested for the "CuA" sites [1] of bacterial N20 reductase [2] and cyto chrome c oxidase [3] by virtue of elem ental analy sis [4] , optical and EPR spectroscopy [5] , In par ticular, the EPR spectra taken for the mixedvalent Cu(I)/Cu(II) state at various frequencies [2, 5] are distinguished by the apparent coupling of one unpaired electron with two virtually equiv alent 63'65Cu nuclei (I = 3/2) in natural isotopic abundance [6 ] , suggesting a close vicinity and strong electronic interaction of the two metal ions. Since the CuA center has been proposed to have a bis(thiolate) coordination [7] , there is a need to prepare corresponding model complexes such as
(1).
In this work we report the molecular and crystal structure of one such dinuclear complex, 1 two m onovalent copper centers, L = 2,9-dimethyl-1.10-phenanthroline (dmp, neocuproin), and R = o-tolyl. A related complex 2 with unsubstituted 1.10-phenanthroline as L had already been struc turally characterized by Chadha, Kumar, Tuck [8 ] . This paper will dem onstrate the significant differ ence resulting from simple methyl substitution. Electrochemical and optical absorption data for 1 and 2 are also reported here, and, furtherm ore, we describe the EPR spectroelectrochemistry of the related complex [Cu(dpp)2]+ (3+), dpp = 2,9-diphenyl-l,1 0 -phenanthroline, the paramagnetic re-duced form of which has been referred to as a "C u(0)" species [9] .
Results and Discussion

Structure o f 1 in comparison to 2
Complex 1 was obtained analogously to 2 [8 ] by preparative electrolysis using a copper anode in an acetonitrile solution containing the phenanthroline chelate ligand L and the thiol.
Crystals for structure analysis were obtained by slow cooling of an acetonitrile solution. Crystal data and information on the data collection, struc ture solution and refinem ent are summarized in Table I and in the Experim ental Section.
The results of the structure analysis are p re sented in Tables II-IV ( Fig. 2 shows a view of the crys tal structure.
In contrast to complex 2 with two unsubstituted 1 ,1 0 -phenanthroline ligands [8 ] , the tetramethyl derivative described here does not contain solvent molecules in the crystal. Both crystallographically independent molecules exhibit very similar struc tures. The molecules have a crystallographically imposed center of inversion which implies the Cu2S2 cores to be strictly planar. The dmp ligands lie in a plane with the methyl groups pointing at each other ( groups at dihedral angles of 60.5 (1.2) and 65.4° (1.1) (Fig. 2) . While the sulfur atoms are pyrami dally tricoordinate with close to tetrahedral angles C -S -C u (Table IV) , the copper centers are very distorted tetrahedral with typical angles N -C u -N near 80° due to the small bite of the rigid chelate ligand. In comparison to 2, the most distinct structural changes concern the central Cu2S2 core of 1. Not only is the four-m em bered ring planar in contrast to the folded arrangem ent in 2 (dihedral angle SCuS/SCu'S 149.9° [8 ] ), but also the bond angles at the Cu and S centers are much less different. W hereas 2 shows very small C u -S -C u angles of about 6 8° and almost tetrahedral angles S -C u -S of more than 105° [8 ] , complex 1 displays an almost square arrangem ent with S -C u -S angles averaging 99° and C u -S -C u angles of about 81°. As a consequence of those very different geo metries, the C u -C u distance increases strongly from 261.3 pm in 2 [8 ] to 301.9 pm in 1.
The large geometrical variation induced by mere introduction of four methyl groups (which were employed to protect the metal, cf. below) illustrates a considerable structural flexibility of the LCu(w-SR)2CuL entity. Such a flexibility would indeed be desirable for an electron-transferring metal center within a protein. According to the entatic state concept [1 0 ], the geometry of metals in electron transfer proteins should be close to the transition state between the two oxidation states involved. In fact, the normal, i.e. m ono nuclear (type 1 ) copper centers of "blue" electron transfer proteins exhibit this effect by virtue of a highly distorted arrangem ent which lies between the favoured geom etries of C u(II) (-» square planar or square pyramidal) and C u(I) (-» tetra hedral or trigonal planar) [10, 11] . The following electrochemical study shows consequences of the structural differences betw een 1 and 2 .
Electrochemistry and spectroscopy o f 1 and 2
Both complexes were studied by cyclic voltammetry at variable scan rates in dry benzonitrile (BN)/0.1 M Bu4NPF6 and N,N-dimethylacetamide (DMA)/0.1 M Bu4NPF6. Fig. 3 shows typical cyclovoltammograms. Table V summarizes the data.
In both cases there are two irreversible oxi dation waves of com parable intensity, with no cathodic counter peaks even at scan rates of 1 V/s. The anodic peak potential values are hardly different for 1 and 2 , which supports the assign ment of these oxidation waves as two separate Cu(I) -» Cu(II) electron transfer processes, fol lowed by rapid chemical reaction.
A more significant difference between the two complexes was observed with respect to the re- duction. In contrast to 2, the complex 1 exhibits a reversible one-electron reduction wave (Fig. 3) while the cathodic peak potential is slightly more negative due to the donating effect of the methyl groups. Both this substituent effect and the re versibility in the case of the 2,9-disubstituted che late system 1 strongly indicate a phenanthrolinebased reduction which has similarly been observed for complexes (L)2C u+ [9, 12, 13] (Table V) . It is well established that substituents in the 2,9-positions of 1 ,1 0 -phenanthrolines favour (distorted) tetrahedral coordination geometries and help to protect the metal center against undesired attack. This particular stabilization has been used in ana lytical chemistry, in the construction of catenates [1 2 ] and in the application of such species as "chemical nucleases" [14] .
The identification of the first reduction wave of 1 as a one-electron process by linear sweep vol tam m etry using a rotating disc electrode suggested that a second such wave should be nearby as is the case for complexes (L)2Cu+ [13] . Using DMA instead of BN as a solvent at more negative poten tials we did indeed find the second reduction wave (Table V) . While a separation of copper-centered oxidation processes (producing a Cu(I)/Cu(II) mixed-valent interm ediate) is to be expected due to the strong m etal-m etal interaction induced by the thiolate bridges, the considerable separation of the dmp reduction waves is quite remarkable. In contrast to complexes (L)2Cu+ [12, 13] , these li gands are not connected by a single metal ion but by a larger Cu2(SR) 2 moiety. However, the chelate ligands are coplanar in 1 and thus much better suited for n /n interaction than the orthogonally ar ranged ligands L in complexes (L)2Cu+ [12, 13] .
Reversible one-electron reduction of complex 1 was carried out inside an EPR cavity using a twoelectrode cell [15] , The EPR spectrum of I -* is centered at g = 2.0019 and could be simulated with the coupling param eters a(63'65Cu) = 0.53 mT (1 Cu), a(14N) = 0.29 mT (2N ) and a (!H ) = 0.29 mT (4H; H 3A7'8) (Fig. 4) . These values com pare favourably with the data for uncoordinated dm p--as generated by reduction with potassium in THF: g = 2.0030, a (14N) = 0.268 mT (2N), a(xH) = 0.377 mT (2H; H 38), a ('H ) = 0.268 mT (2H; H 4'7), aOH) = 0.026 mT (8 H; C H 3 and H 5 6). The hyperfine splitting and the spin distribution are typical for 1 ,1 0 -phenanthroline anion radicals [16] , the slight decrease of g and the comparatively [6 ] small metal isotope coupling after coordination indicate an only m oderate perturbation of the spin-bearing jz system by the coordination of the Cu(SR)2CuL moiety. Accordingly, the lowest-lying electronic transition should correspond to a metal-to-ligand charge transfer (MLCT). Intense bands were indeed found in the UV/VIS spectra of the brown-red complexes with absorption maxima at 441 nm (1) and 437 nm (2, both in benzonitrile).
EPR spectroelectrochemistry o f 3"
The electrochemistry of complexes (L)2Cu+, L = 1 ,1 0 -phenanthrolines, has been thoroughly stud ied. As for the complexes described above, substi tution at the 2,9-positions improves the stability of reduced states. One reversible oxidation and two slightly separated one-electron reductions were generally observed for complexes (L)2Cu+ [9, 12, 13] . While these transitions were usually asso ciated with redox processes Cu(I) -* Cu(II) and L ->L~\ the corresponding oxidation state distri bution of the species (L)2Cu2+ and (L)2Cu° was not yet substantiated by EPR.
After having reproduced the reported cyclovoltammetric results for (dpp)2Cu+ = 3+ and (dm p)2Cu+ = 4+ [9, 12, 13] (Table V) , we carefully electrolyzed a TH F solution of [(dpp)2Cu](C104) inside the cavity of an EPR spectrometer. A com pletely unresolved line with 0.8 mT peak-to-peak line width and about 2.4 mT total spectral width was observed for the cathodic product 3° at g = 2.0028. W ithout further broadening, the intensity of that signal decreased markedly, i.e. to about 10%, on going from room tem perature to 200 K. We attribute this effect to partial spin-pairing which could result from dimerization at low tem peratures and may perhaps involve jz/jt interac tions of the phenanthroline rings [12, 14] .
In comparison to 3° = C u(dpp)2, non-coordinated dpp~' as generated from reduction with potassium in TH F exhibits a partially structured EPR spectrum at g = 2.0026. Analysis of the hyperfine splitting was not possible here due to con siderable overlapping of lines resulting from the additional nuclei of the phenyl rings. A t 110 K in the frozen state, the neutral complex 3° exhibits a very slight g anisotropy with gt = 2.011, g2 = 2.0025 and g3 = 1.993. Clearly, this is not a "C u(0)" com pound but an anion radical complex of Cu(I) [6 ] .
If both cathode and anode are placed in the EPR resonator, the resulting spectrum is a super position of individual spectra both from (dpp)2Cu2+ and (dpp)2Cu (Fig. 5) . In addition to the relatively narrow and intensity-reduced line of 3°, there is the typical (axial) Cu(II) spectrum for (dpp)2Cu2+ = 32+ with gx = 2.067, gn = 2.283, sl ± = 0.87 and a M = 12.2 mT.
The absence of hyperfine structuring for 3° does not allow us to directly to answer the question of a possible "electron hopping" between two equiv alent, metal-connected phenanthroline sites.
In contrast to 1"% where the situation is clear ly localized as [(dmp_I)C u(SR )2Cu(dm p)]~' (see above), a more rapid electron exchange between the dpp sites in 3° is conceivable because of the proximity of the two ligands. However, the total width of about 2.4 mT of the spectrum does not point to a delocalized or interm ediate situation which would rather lead to unusually broad or very narrow signals, as has been discussed for com plexes (L)3 R u+ = [(L_I)(L)2R uH]+, L = a-diim ine ligands [15] . We attribute this difference between (L)3 R u+ and (L)2Cu° radical complexes to the vir tually orthogonal arrangement of the ligand n sys tems in the latter compounds with their approxi mately tetrahedral configuration at the metal [1 2 ]. Deviations from the tetrahedral arrangem ent occur in the direction of a (3 + 1) coordination [11, 1 2 ] which would make the two a-diimine ligands non-equivalent and thus favour spin localization.
C N-
In contrast to the flexible Cu(I) structures [11] , the ruthenium (II) complexes (L)3Ru"+ are much more rigidly octahedral (or have at least C3 sym metric) which favours a lower barrier to intra m olecular electron hopping between coordinated jc ligands.
W hereas the phenanthroline ligands thus cause very interesting effects on the reduction side of mono-and dinuclear copper(I) complexes, the irreversibility of the m etal-centered oxidation in 1 and 2 will require different choices of (donor) ligands for studies aimed at the biochemically rel evant question of C u(I)/C u(II) mixed-valent states in thiolate-bridged dimers.
Experim ental Section
Synthesis
All experim ents were carried out in an argon atm osphere, employing standard Schlenk tech niques. The solvents were dried, distilled and satu rated with argon before use. All reagents were commercially available.
Complex 2 was prepared by the published m ethod [8 ] . Com pound 1 was essentially prepared according to the procedure described for 2 by Tuck et al. [8 ] , yielding 165 mg (54%) of deeply black crystals. 
Instrumentation
Elem ental analyses were perform ed with a Perkin-Elmer Analyzer 240. For cyclic voltammetry we used a three-electrode configuration (GCE, Ag/AgCl, Pt), a PAR M 273 potentiostat and M175 function generator. The cyclovoltammograms were recorded at room tem perature in benzonitrile and N,N-dimethylacetamide solutions containing 0.1 M tetrabutylam m onium hexafluorophosphate as supporting electrolyte. All potentials given are vs. the ferrocene/ferrocenium pair (internal standard) at a scan rate of 100 mV s-1. UV-VIS absorption measurem ents were car ried out in benzonitrile solutions using a Shimadzu UV 160 spectrophotom eter. EPR spectra were taken on a Bruker ESP 300 system using sealed tubes (potassium reduction) or two-electrode cells [15] for radical generation, g Factors were deter mined with the help of an E R 035 M Gaussm eter (Bruker) and a HP 5350 B microwave counter.
X-ray structure analysis
Single crystals of compound 1 were obtained by crystallization at -1 6 °C from an acetonitrile solu tion. D ata were collected on a Syntex P2j dif fractometer. Inform ations on crystal data, inten sity data collection and structure refinem ent are summarized in Table I . An empirical absorption correction (W scans) was applied. The structure was solved by direct m ethods using the SHELXTL-PLUS package [17] . The refinem ent was done with SHELXL-93 [18] , employing fullmatrix least-squares methods. Hydrogen atoms were placed in their ideal positions and allowed to ride on the corresponding carbon atoms.
